Abstract Agroforesty systems, which are recommended as a management option to lower the shallow groundwater level and to reuse saline subsurface drainage waters from the tile-drained croplands in the drainage-impacted areas of Jan Joaquin Valley of California, have resulted in excessive boron buildup in the soil root zone. To assess the efficacy of the long-term impacts of soil boron buildup in agroforesty systems, a mathematical model was developed to simulate non-conservative boron transport. The developed dynamic two-dimensional finite element model simulates water flow and boron transport in saturated-unsaturated soil system, including boron sorption and boron uptake by root-water extraction processes. The simulation of two different observed field data sets by the developed model is satisfactory, with mean absolute error of 1.5 mg/L and relative error of 6.5%. Application of the model to three different soils shows that boron adsorption is higher in silt loam soil than that in sandy loam and clay loam soils. This result agrees with the laboratory experimental observations. The results of the sensitivity analysis indicate that boron uptake by root-water extraction process influences the boron concentration distribution along the root zone. Also, absorption coefficient and maximum adsorptive capacity of a soil for boron are found to be sensitive parameters.
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Notation
The following symbols are used in this paper: Fig. 1 ) is water-logged and salt-affected, and its shallow ground and subsurface agricultural drainage waters contain elevated concentrations of toxic trace elements such as selenium, arsenic, molybdenum, and boron (NRC 1989) . Such waters containing high concentrations of toxic elements are known to adversely impact the surface and ground water quality. As a solution to this problem, on-farm water management practices have been recommended to reduce drainwater production (SJVDP 1990) . One of the on-farm water management practices is to establish an agroforestry site, which contains salttolerant trees. High saline waters collected from agricultural subsurface drainage can be reused to irrigate these trees. Such a practice also lowers the saline shallow groundwater levels (Tanji and Karajeh 1993) . The long-term efficacy of agroforestry systems to manage saline agricultural drainwaters is under investigation in the west side of San Joaquin Valley by a number of state and federal agencies. As an example, 11.45 ha agroforestry plantation was established at Murrieta farms, south of Mendota in SJV for research purposes. The site contains salt-tolerant Eucalyptus trees and Atriplex shrubs. The details of this site can be obtained from Karajeh (1991) . Saline subsurface drainwaters from Murrieta Farm's croplands are used to irrigate the Eucalyptus. The effluents from the Eucalyptus and the perimeter interceptor drain are then used to irrigate the Atriplex. The drainwaters utilized and that available from the tile drainage system are quite saline, EC ranging from about 6 to 20 dS/m; high in sodicity, sodium adsorption ratio about 10 to 30; and high in boron, about 10 to 40 mg/L (Westcot et al. 1988; Tanji and Dahlgren 1990; Grattan et al. 1997) .
Although salinity is a major concern in the performance of salt-tolerant trees and halophytes in consuming saline drainwaters, there is an increasing evidence of sodicity buildup in the surface soil and boron buildup in the root zone (Tanji and Karajeh 1993) . Significant increases in the boron concentration along the soil profile are observed at the agroforestry site at Murrieta farms in Mendota from 1987 to 1990. Accumulation of soil boron may become toxic to plants, even to the salt-tolerant trees.
Boron is a constituent of practically all natural waters, yet its concentration is usually very low. The effect of a concentration of B in the irrigation water on the B content of the soil solution is conditioned by soil characteristics and management practices, which influence the degree of B accumulation in the soil. B concentration limits are recommended for irrigation waters, although crop tolerance can vary depending on the type of crop and soil. Soils that adsorb B to a higher degree protect the plants by reducing the availability of B in the soil (Webster and Timperley 1995) . The approximate safe limit for sensitive crops (for example, grape, pear, orange, lemon) is 0.7 mg/L B in the soil saturation extract, 0.7 to 1.5 mg/L range is marginal, and more than 1.5 mg/L appears to be unsafe (Camp 1963) . Boron contamination is a common problem in the world, including Turkey. For example, Western Anatolia in Turkey has a particularly important role in agriculture. Most of the high temperature thermal water sources and vineyards are also located in this part. Furthermore, part of the irrigation water demand in this area is supplied by drilled wells. All these cause high accumulation of B concentrations in the soil and groundwater (Lindal and Kristmannsdóttir 1989; Baba and Ármannsson 2006 ). It has not been possible to use highly B-contaminated areas in this part of Turkey for agricultural purposes.
In order to assess the efficacy of the longterm impacts of soil boron buildup in agroforestry systems, a dynamic two-dimensional finite elements model was employed. The model can simulate two-dimensional saturated-unsaturated water flow and boron transport, including seasonal variations of soil water and boron concentration distribution in irrigated and under-drained agroforestry systems. Boron sorption (adsorption/ desorption) and boron uptake by root-water extraction processes are considered in the transport model. The flow dynamics part of the model was originally developed by Nour el-Din (1986) . Then, the model was extended by Karajeh et al. (1994) for modeling salt transport. This study further extended the existing code to include boron sorption and boron uptake by root-water extraction modules to simulate the boron transport in saturatedunsaturated soils.
Mathematical development

Boron transport model
The extended model considers boron adsorption/ desorption process, which acts as a source/sink, and boron uptake by root-water extraction process, which acts as a sink for the boron concentration in the solution phase. When the conservation law for solute mass is applied for a representative elementary volume of a porous media, the advection-dispersion equation with sink and source terms for boron transport is expressed as:
where ρ b is the bulk density of the porous media, K d is the distribution coefficient, C is the boron concentration, D xx is the total diffusion coefficient (molecular diffusion plus hydrodynamic dispersion) in the x-direction, D zz is the total diffusion coefficient (molecular diffusion plus hydrodynamic dispersion) in the z-direction, q x is the unit flux in x-direction, q z is the unit flux in z-direction, C irr is the boron concentration in irrigation water, C sorp is the boron content by boron adsorption and desorption in the soil, θ is the volumetric water content, and U br is the boron uptake by root-water extraction. Numerical solution of Eq. 1 requires initial and boundary conditions. As an initial condition, zero boron concentration along the soil profile is specified. The boundary conditions can be specified as Dirichlet type, Neuman type, and Cauchy type for specified concentration, zero flux, and prescribed flux, respectively. The details can be obtained from Nour el-Din et al. (1987) and Karajeh et al. (1994) . Note that the flow part of the model has been already tested and validated in their studies.
Boron sorption model
Boron in soils exists partly in the solution and partly in the sorbed phase, and boron fixation in soils may range from temporary to nearly permanent. The more permanently fixed boron is released at a slow rate and at low concentrations. In this study, readily leachable boron, which includes soluble boron and that part of fixed boron which desorbs easily, was considered. For the prediction of adsorption and desorption of boron, the Langmuir adsorption isotherm was considered. The Langmuir adsorption isotherm is commonly employed in the practice for modeling the boron sorption process. For example, Shani et al. (1992) considered a number of sorption models for movement of boron in Utah soils. In their transient solute transport model, they chose to use the Langmuir adsorption isotherm over others because input data for field soils were not readily available for the more sophisticated sorption models. The Langmuir adsorption isotherm equation is expressed as (Tanji 1969) :
where q is the boron in the sorbed phase (milligram per kilogram), K ad is the adsorption equilibrium constant (liter per kilogram), and Q adc is the maximum adsorptive capacity of the soil for boron (milligram per kilogram). Boron concentration in the solution phase and boron in the sorbed phase are computed depending upon their initial values, amount of boron desorbed, and soil-water content variable. This can be expresses as (Tanji 1969) : 
Since adsorption and desorption can take place simultaneously at different depths in a soil column, Y has a positive value for desorption and negative value for adsorption. Desorption and adsorption of boron act as source and sink for the boron concentration in the solution phase in a soil column, respectively. In the computation procedure, Y is, first, estimated from Eq. 5 with K ad , Q adc for that particular element. Then, C and q are computed through Eqs. 3 and 4 by substituting Y into these equations. For the next time step, C and q found from Eqs. 3 and 4 are substituted back into Eq. 5 as C o and q o , respectively. This procedure is continued for each time step until the end of the simulation period.
Boron uptake model
Boron uptake by root-water extraction can be formulated as analogous to nitrate uptake by plants described by Tanji and Mehran (1979) :
where λ ad is the root absorption coefficient, which can be set if boron uptake is assumed to be proportional to root-water extraction,Q r is the rate of root-water extraction, and θ is the soil-water content.
The rate of root-water extraction Q r is expressed in many different ways in the literature (Nimah and Hanks 1973; Molz and Remson 1970; Gupta et al. 1978; Feddes et al. 1974) . In this study, the method of Feddes et al. (1974) is employed and expressed as:
where K r is the relative hydraulic conductivity, K sij is the saturated hydraulic conductivity tensor, p is the soil-water pressure, p r is the root-water pressure, and b is the root effectiveness function.
In Eq. 7, all the diagonal components of the saturated hydraulic conductivity tensor are implicitly assumed to be zero (Davis and Neuman 1983) . The root-water pressure p r is equal to the soil wilting point pressure head of −150 m of water (Davis and Neuman 1983) . The root effectiveness term is a shape function which accounts for the physics of the root uptake, and it is evaluated and defined in many different ways in the literature (Gardner 1964; Whisler et al. 1968; Nimah and Hanks 1973 Karajeh et al. 1994) . In this study, the formulation of Karajeh et al. (1994) was employed. Karajeh et al. (1994) experimentally evaluated the root effectiveness function for Eucalyptus by taking the ratio between the root lengths in increment in the soil profile to the bulk volume of the root zone per tree. The resulting expression for the root effectiveness function obtained by Karajeh et al. (1994) for Eucalyptus is a third degree polynomial:
where d is the soil depth. According to Karajeh et al. (1994) , water extraction by roots is higher at the top part of the soil depth. About 40% of the water extraction occurs at the top 25% of the root depth, and about 75% of the water extraction occurs at the top 50% of the root depth. Equations describing water flow and boron transport in a soil column (crop root zone) are solved numerically by employing the finite elements method (FEM). The existing FEM code developed by Nour el-Din et al. (1987) was extended in this study by coding and incorporating subroutines related to boron sorption and boron uptake by root-water extraction processes into the main program. Figure 2 shows the flow chart of the developed model. The details of the numerical method can be obtained from Neuman (1973) , Davis and Neuman (1983) , Nour el-Din (1986), Karajeh (1991) , Karajeh et al. (1994) , and Yurekliturk (2002) .
Model application
Hypothetical case
The results obtained from the application of the model to a hypothetical case are discussed in this section. The objective of this discussion is to investigate the behavior of boron transport under changing physical conditions. For a hypothetical case, an agroforestry site (7 m in horizontal direction and 3 m in vertical direction), which contains Eucalyptus is considered. The site is assumed to have drainage at the depth of 210 cm. The maximum root depth is assumed to be 210 cm.
Irrigation water is applied every 15 days for 24 h. The irrigation water application rate depends on the dynamic soil moisture requirements. The model computes the evapotranspiration rate and resulting soil moisture deficit and then applies the irrigation water rate accordingly. The boron concentration in the applied irrigation water is assumed to be 8.4 mg/L. For this purpose, a small mesh consisting of 96 elements and 121 nodes is prepared. The vertical and horizontal dimensions of the elements are kept small in the vicinity of the drain where large hydraulic gradients are expected to occur. On the other hand, the dimensions of the elements are kept large in the saturated zone where hydraulic gradients are expected to be relatively small. The assumed main physical properties of the soil are as follows: bulk density (ρ b ) = 1.385 g/cm 3 , porosity = 0.425 and saturated hydraulic conductivity = 13.3 cm/day. The assumed applied irrigation rates and evaporation rates are given in Tables 1 and 2 , respectively. Figure 3 presents the boron distribution profile at a location 200 cm from the drain in time. As seen, there is gradual increase in the boron buildup in time. This increase is more pronounced at every 10 days when there is an irrigation application. Figure 4 shows the effect of K ad on boron profiles at 200 cm from the drain on the 20th day of the simulation in the soil zone. As seen, an increase in K ad results in lower concentration distribution in the soil zone, especially in the unsaturated (vadose) zone. Figure 5 shows the effect of Q ad on the boron concentration profile in the soil zone on the 60th day of the simulation. As seen, an increase in Q ad results in a decrease in boron concentration in the soil. Figure 6 shows the effect of B concentration in applied irrigation water onto the B concentration profile in the soil zone at the 20th day of the simulation period. As seen, an increase in B concentration in applied irrigation water results in an increase in the boron concentration distribution in the soil zone. This is an expected result, and the model is able to capture this behavior.
Effect of simulation time and irrigation application
Effect of B concentration in irrigation water
Effect of root absorption coefficient Figure 7 shows the effect of root absorption coefficient on the B concentration profile in the soil zone. As seen, as the root absorption coefficient increases, the boron concentration decreases. This implies that the increase in the coefficient results in an increase in the plant uptake. This, in turn, reduces the B concentration in the solution phase along the soil depth. The hypothetical case studies summarized above show that the model is able to capture the behavior of the B transport in field conditions.
Model application to laboratory experiments
The extended model is applied to investigate the boron concentration behavior in three different soils-sandy loam, silt loam, and clay loam (Table 3) . Table 3 presents the Langmuir constants K ad and Q adc for each soil. These values are obtained from Tanji (1969) who performed laboratory studies on boron equilibria in these soils by adding boron as boric acid at rates of 2 to 50 mg/L. He determined the boron in the supernatant of 1:1 soil-water suspensions by the carmine method and obtained Langmuir constants K ad and Q adc for each soil by the procedure described by Hatcher and Bower (1958) . The system that is considered in the hypothetical case is employed in this case as well. The only difference is that of having three different soils with different Langmuir constants. Figure 8 compares the boron concentration in the solution phase along the soil depth for three different soils. As seen from Fig. 8 , boron concentration in the solution phase is lower in silt loam than that in sandy loam and clay loam. This means that boron adsorption is higher in silt loam than that in the other soils. It is also seen in Fig. 8 that, although the boron adsorption is higher in sandy loam than in clay loam, this difference is not large. These results are in agreement with Tanji (1969) . As an example, for 10 mg/L added boron, Tanji (1969) θ s , θ r are the saturated and residual field volumetric water contents, respectively; K s is the saturated hydraulic conductivity; n and α are statistical parameters to be found by the least-square fitting for the specific soil type using the model of van Genuchten; and S e is the reduced water content (see Nour el-Din et al. 1987 and Karajeh et al. 1994) Model application to field data
The extended model is applied to simulate two different data sets obtained from the Mendota site. The first data set belongs to the [1985] [1986] [1987] [1988] [1989] [1990] plantations, and the second one belongs to the 1992 plantations. The Mendota site is the first monitored agroforestry demonstration project established by NRCS and CDFA. The experimental site consists of fine textured silty clay (0 to 60 cm) to clay soils (60 cm to 300 cm) underlain by an impermeable clay layer at 3 to 3.7 m depths over the entire plantation. (Fig. 9) . In order to capture the effect of gradients in the solution domain, the number of elements was increased; thereby, the size of elements was kept smaller. Table 5 shows model predictions of measured data at the Mendota site in 1990. Since there were only four observations along the soil depth, we presented results in a tabulated format. As seen in Table 5 , the model closely predicted measured data. Following the killing frost of 1990 at the Mendota site and subsequent harvest of the trees, several lines of frost-tolerant Eucalyptus trees were planted in 1992. The experimental site was redesigned, automated for water flows, and the soils were also leached. Table 6 shows that the model predicted measured B concentration data in 1992. As seen, the model closely captured the measured data. The computed error measures for the results in Tables 5 and 6 are mean absolute error = 1.5 mg/L and relative error = 6.5%. These results imply that the model can produce less than 10% error in predicting measured B concentration in the soil zone.
Summary and concluding remarks
In this study, two-dimensional FEM was extended to simulate boron transport in a saturatedunsaturated crop root zone. The model can simulate seasonal variations of soil-water content and boron concentration distribution in irrigated and under-drained agroforestry systems. The model considers boron uptake by root-water extraction and boron adsorption and desorption processes. Several features of boron transport were investigated by the extended model. The boron uptake by root-water extraction process affects the distribution of the boron concentration profile along the root depth. The boron sorption process also affects the boron transport process. It can be concluded that any modeling approach which ignores any of these physical processes in the boron transport process might lead to misinterpretation of the results. Absorption coefficient (λ ad ) and maximum adsorptive capacity of soil for boron (Q adc ) were found to be sensitive model parameters. The higher the λ ad is, the greater the decrease in the boron concentration in the solution phase. Similarly, the higher Q adc and K ad are, the more boron adsorption occurs. The preliminary indication for the value of λ ad for Eucalyptus was found to be less than 0.10. The performance of the extended model was tested by laboratory experimental observations. The application of the model to three different soils having different Langmuir constants showed that adsorption is much higher in silt loam soil than that in sandy loam and clay loam soils. This result agreed with the laboratory experimental observations of Tanji (1969) . This implies that the developed model is correctly estimating the effects of the Langmuir constants on the trends of boron concentration in different soils. The successful predictions of measured filed data sets indicate that the developed model can be employed for the management of boron transport in agroforestry sites.
It needs to be pointed out that the extended model requires quite a bit field data such as relative and saturated hydraulic conductivities, relative and saturated soil moisture, porosity, bulk density, diffusion coefficients, the Langmuir constants, etc., for different soils in both the horizontal and vertical directions. In addition, it requires the estimation of van Genuchten infiltration parameters and hydro-meteorological data, which is for the estimation of evapontraspiration. Furthermore, it requires parameter values such as absorption coefficient and root effectiveness function for different trees. As such, for realistic field applications, the model needs to be provided with the required data on soil, flow, and tree properties. It is, however, well known that it is not possible to obtain all the data due to time and budgetary constraints. Instead, representative samples at different locations and different depths can be obtained from the field and subjected to laboratory analysis to provide some of the parameter values. Some parameter values can be complied from the literature, and some can be estimated through statistical methods.
